The nature and influence of adhesive interactions of rat hepatocytes with components of the extracellular matrix has been studied in culture. Hepatocytes interact with different kinetics to substrata composed of collagen type IV , laminin or fibronectin and adopt significantly different morphologies. T h e receptors mediating these various responses appear to be specific, according to the m atrix, and in the case of fibronectin are complex, implicating several components of the hepatocyte surface. Collagen type IV maintains a differentiated phenotype more efficiently than fibronectin or laminin as measured by the production of adult hepatocyte markers such as albumin and repression of a'-foetoprotein synthesis. Form ation of matrix components is also influenced by the substratum : synthesis and secretion of fibronectin or collagen type IV is down-regulated when cells are cultured on the homologous substratum. Hepatocytes cultured in vitro secrete components of the coagulation cascade and also mediate fibrinolysis on addition of exogenous plasmin. The results are discussed in relation to the normal phenotype of the mature hepatocyte in v ivo.
T H E L IV E R E X T R A C E L L U L A R M A TRIX
Characterization and distribution of the liver matrix have been studied by biochemical and immunolocalization methods (Rojkind & Ponce-Noyola, 1982; Hahn et al. 1980; Clement et al. 1985; Martinez-Hernandez, 1984 ). T h e major collagen types are I, I I I , IV and V ; the matrix glycoproteins fibronectin and laminin, and heparan sulphate proteoglycans are also present. Collagen type I is present in the liver capsule, portal stroma and in contact with the hepatocyte 'basal' surface in the perisinusoidal space at branching or inflexion points indicating a structural role supporting the hepatocyte layer at intra-lobular regions. Interestingly, the hepato cyte is the only cell of ectodermal or endodermal origin interacting with collagen type I in the adult organism. Normally these cells contact a basement membrane based on collagen type IV and are separated from interstitial connective tissue. Collagen type I I I appears to be present only in stroma in liver and is not in direct contact with the hepatocyte surface. Collagen type IV and laminin are present as expected in ductal, neural and vascular basement membranes, and also as small discrete deposits between hepatocytes and endothelial cells in sinusoids (Fig. 2 ). T h is discontinuous distribution, as visualized by electron microscopy (Martinez-Hernandez, 1984) , argues against a simple supporting role like that operating in other epithelia in contact with a more typical basement membrane. Perhaps a basement membrane forms transiently during parenchymal development and initially performs a support ing role but is degraded once tissue modelling is accomplished, to facilitate the rapid exchange of plasma metabolites bathing the hepatocyte sinusoidal surface. T h is 
N , nucleus; G , Golgi apparatus. T h e cells contact at lateral (L ) domains rich in tight junctions ( T J ) , intermediate junctions ( I j ), desmosomes (D ) and gap junctions ( G J ) . T h e lateral domains are separated by bile canalicular domains (B C ). T h e sinusoidal domains (S ) face sparse sinusoidal cells (S C ) and the perisinusoidal space (P S ).
possibility may explain both the discontinuous distribution of collagen type IV in the perisinusoidal space and the failure in some studies (Hahn et al. 1980; MartinezHernandez, 1984) to find laminin at this location. Fibronectin is most prominent in the peri-sinusoidal space where it is in direct contact with hepatocyte microvilli and separated from the endothelial cell surface. Fibronectin is present also in the liver capsule and portal stroma but not in the basement membranes containing collagen type IV and laminin. In our study (Fig. 2) fibronectin is also detected in bile ducts and at lateral surfaces between contacting hepatocytes. Several heparan sulphate proteoglycans have been isolated from liver, one of which has been localized in close proximity to the sinusoidal surface of hepatocytes (Hook et al. 1986; Stow et al. 1985) . T h is distribution is quite different from that of a basement membrane-type heparan proteoglycan, localized in liver sections by antibodies directed against Fig . 2 . Im m unofluorescent antibody staining of adult rat liver sections. A ,B . Antifibronectin. All three cell surface domains are stained, including bile ducts (arrowheads) and lateral surfaces (long arrow) shown at higher magnification (B ) . Som e of the staining seen in sinusoidal spaces (?) may be due to residual plasma fibronectin, since the liver was not perfused before sectioning and staining. C. Anti-collagen type IV . Staining is confined to sinusoidal spaces; D , anti-lam inin. A ,C ,D , X500; B, X800.
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kidney glomerulus proteoglycans (see Discussion by M . G . Farquhar: Hôôk et al. 1986 ).
Taken together these results indicate a close interaction of the hepatocyte surface with several matrix components including collagens I and IV , fibronectin and laminin. T h ere is no convincing evidence that any of these components play a purely structural role except possibly transiently during development of the tissue. Other roles involving regulation of hepatocyte metabolism are therefore intriguing possi bilities.
A D H E S IV E R E S P O N S E OF H E P A T O C Y T E S TO E
When liver is disaggregated and the hepatocytes plated out in serum-containing medium, the cells attach rapidly and spread due to the presence of serum-spreading factors. Sim ilar behaviour is obtained in serum-free conditions using surfaces coated with adhesive proteins (Rubin et al. 1978 (Rubin et al. , 1981 Johansson et al. 1981) . In either case the cells may then be cultured in serum-free medium for several days, during which the cells form epithelial colonies with intercellular contacts consisting of tight junctions, desmosomes and gap junctions as seen by electron microscopy. T h e desmosomal junctions, as detected by immunofluorescence using polyclonal anti bodies against bovine muzzle desmosomal proteins (a gift from E . Penn, Mill Hill) are shown in Fig. 3A . In spread cells on all substrata the ventral surface is in closest apposition to the substratum at the cell periphery as shown (Nermut et al. 1986 ) by interference reflection microscopy and electron microscopy. Actin is assembled in a peripheral ring, possibly at the level of the substratum and also associated with zonula adherens junctions (Fig. 3B ) . In addition to intercellular junctions, struc tures reminiscent of hemidesmosomes have also been observed in cell-substratum contacts ( Fig. 4B ) and other features morphologically similar to structures seen in vivo appear after culture for 2 -3 days, including bile canicular-like domains between cells and in the central portion of the ventral surface (Fig. 4A ). These latter spaces seem to fill up with vesicles.
Detailed examination of the requirements for hepatocyte attachment and spread ing on a substratum is best carried out using protein-derivatized glass coverslips (Bissell et al. 1986) . Using this method the concentration of matrix component can be exactly determined and the interacting cells can be easily viewed by light or electron microscopy. Cell attachment is measured 30 min after plating as a function of the density of protein coupled per unit area of glass surface. When the attachmentpromoting characteristics of laminin, fibronectin and collagen type IV are compared, the amount of collagen type IV supporting half-maximal attachment (1 n g cm -2 ) is much lower than the corresponding values (5 and 2 0 n g cm -2 ) for fibronectin and laminin. Attachment to each matrix levels off at high surface densities compatible with saturation of available binding sites on the cell surface. Following initial attachment, spreading takes place and the cells reach a stable morphology on each matrix after about 2 h (Fig. 5) . Initially spreading involves peripherally symmetrical extensions of basal cytoplasmic lamellae followed by flattening of the whole cell that nevertheless retains a circular shape as judged by overhead views. No shape polarization, as seen with fibroblasts, is observed. Hence the extent of spreading can be quantified by measuring the width of the contact area of cells viewed at acute angles. For all three matrix proteins, the extent of spreading is dependent on the density of substratum protein and the matrix density of collagen type IV required to trigger half-maximal spreading (5 ng cm~2) is 1/ 100th of that using either fibronectin or laminin. T h e general conclusions of this study are: (1) attachment of hepatocytes to collagen type IV , fibronectin or laminin substrata occurs with distinct kinetics and is saturable; (2) the fact that a 5-to 10-fold greater surface density of each matrix protein is required to trigger maximal spreading than attachment shows that the two Fig. 5 . Scanning electron microscopy of rat adult hepatocytes cultured for 3 h on glass derivatized with: A ,B , type IV collagen at 4 and 2 2 n g c m _ z ; C, laminin at 3 2 n g c m -2 ; D , fibronectin at 2 3 n g c m _ ; E ,F , type IV collagen at 0-5 and llO n g c m --. Bar, l,um . events are mechanistically different, in agreement with other studies (Johansson & Hook, 1984) . Presumably, cell attachment represents simple receptor-ligand kinetics, whereas spreading is more complex, involving the recruitment of surface receptors to the contact area and perhaps linkage to the cytoskeleton; (3) hepatocytes display distinct surface receptors for collagen type IV , fibronectin and laminin.
R E C E P T O R S AND M A T R IX P R O T E IN S
T h e idea of specific receptors for each matrix protein agrees with previous studies using antibodies directed against the hepatocyte surface that inhibited adhesion to collagen but not to fibronectin (Rubin et al. 1979) , and with blocking experiments in which addition of soluble fibronectin inhibited initial cell attachment to fibronectin but not to laminin substrata, presumably through selective competition for fibronectin-binding sites on the cell surface (Johannson, 1985; Johansson et al. 1981) . Our finding of a high-affinity interaction between hepatocytes and collagen type IV differs from other suggestions for a low-affinity interaction with a peptide determi nant common to all collagens. T h e disparity may be due to the fact that Rubin et al. (1981) used collagen fragments or synthetic peptides based on collagen-like sequences, and hence specific high-affinity interactions with intact collagen type IV may have been missed.
Characterization of the surface components involved in these interactions of hepatocytes with various matrix proteins is consistent with the idea of separate receptors. Photoactivation cross-linking experiments using hepatocytes in contact with a laminin substratum indicate a receptor protein of approximately 68 X 103 M r, that is also revealed by blotting with radio-iodinated laminin (Bissell et al. 1984) .
Lam inin-binding receptors of similar size have been isolated from other cells (Lesot et al. 1983; M alinoff & Wicha, 1983; Rao et al. 1983) , but the relatedness of these proteins remains to be determined. So far our attempts to isolate larger amounts of a liver laminin receptor by affinity chromatography have not been successful. Affinity chromatography of detergent extracts of isolated hepatocytes on collagen type IV has produced several collagen-binding proteins eluting at low (0-3 m ) and high (1-5 m ) salt concentrations ( T . D . Butters & R. C. Hughes, unpublished). T h e 0-3M salt eluate, after re-chromatography on collagen type IV using a salt gradient (0-0-3 m ), is fractionated into major components with molecular weights of about 3 0 X 1 0 3 and 75X 1 0 3. T h e 30x 103M r component shows little specificity for collagen type, since it binds to collagen type I and gelatin and may be related to the molecule (s) mediating the interactions studied by Rubin et al. (1981) . T h e 1-5m salt eluate contains the 7 5 x l 0 3A/r component and higher molecular weight (lOOxlO3) components. T h e specificity of binding of these higher molecular weight components to various collagen is not yet known.
Examination of the surface components involved in hepatocyte interactions with a fibronectin substratum has revealed an unexpected complexity. In other cells the best-characterized cell surface receptor for fibronectin is a glycoprotein complex consisting of non-equivalent subunits migrating in reduced SD S-polyacrylam ide gels, with approximate molecular size of 130-14 0 (x 103)M r. T h e complex has been called integrin in a chick system and analogous factors have been identified in mammalian cells (Tam kun et al. 1986 ). Integrin and related molecules appear to recognize a specific sequence in a type I I I repeat of the fibronectin subunits (reviewed by Hynes, 1985; and see Buck & Horwitz, this volume) . T h e key peptide sequence is R G D (one-letter code) and using several cell lines it has been shown that peptides such as G R G D S effectively inhibit attachment to fibronectin-coated substrata. Furtherm ore, substrata composed of bovine serum albumin coupled to R G D -based peptides support the attachment and spreading of some fibroblastic cells (Ruoslahti & Pierschbacher, 1986) In experiments designed to identify fibronectin-binding components of rat hepatocytes we have applied cell extracts to affinity chromatography, on immobilized wheat-germ agglutinin and then we subjected the bound glycoprotein fraction to a fibronectin column. Elution with high salt concentrations has produced a glyco protein of 1 1 0 x l0 3M r in reducing or non-reducing SD S-polyacrylam ide gel electrophoresis. T h e 11 0 X 103M T glycoprotein in enzyme-linked assays can be shown to bind with high affinity (Ka 10-8 m) to fibronectin but not to laminin or collagen type IV . T h e binding to fibronectin is calcium-dependent, requiring 1-2 m M concentrations and is not inhibited by G R G D S or related peptides. T h e 110 X 10 3M r glycoprotein is at least partly exposed on the cell surface as shown by its labelling by lactoperoxidase-catalysed iodination and distributes into the detergent phase after extraction with T riton X -114, indicating a hydrophobic, membrane-intercalated character. Antibody Fab fragments raised against the 110x 103M r glycoprotein cause an immediate retraction of hepatocytes spread out on a fibronectin substratum but not on laminin or collagen type IV substrata, nor do the antibodies inhibit initial attachment to fibronectin substrata. Immunoblotting of equal amounts of sinusoidal, canalicular and lateral membrane fractions of rat liver shows a dominant localization of the 1 1 0 x l0 3M r glycoprotein in the canalicular-derived plasma membrane fraction. Immunofluorescent staining of liver sections also shows a predominantly canalicular location. As mentioned previously, the canalicular surface of the hepatocyte contacts fibronectin in vivo, so the presence of a canalicular membrane component with affinity for fibronectin is not unexpected. However, the bulk of the fibronectin located in liver sections is present in the peri-sinusoidal space. T h e llO x 103M r glycoprotein may be present in relatively small amounts at this domain but other fibronectin-binding glycoproteins may also be expressed there. Recently, Staffan Johansson of Uppsala University (personal communication) isolated from rat liver an RG D-sensitive fibronectin-binding glycoprotein with properties similar to integrin. It migrates as two bands on SD S-polyacrylam ide gel electrophoresis under non-reducing conditions with M r 1 5 5 x l0 3 and 115 X 103. After reduction the 1 5 5 x l0 3M r band gives polypeptides of 145X l0 3 and 2 0 X 1 0 3, while the 115X 103 band migrates as 130X 103. Antibodies to the glycoprotein prevent cell attachment to a fibronectin substratum. There is no immunological cross-reaction between this glycoprotein and our 1 1 0 x l0 3M r glycoprotein (S . Johansson, personal communi cation). Hence, adult rat hepatocytes contain at least two fibronectin-binding components that appear to be distinct immunologically.
Several liver plasma membrane glycoproteins of about 1 1 0 x 1 0 3M r have been described. Hanski et al. (1985) have implicated dipeptidyl peptidase (D P P IV ) in hepatocyte adhesion to collagen mediated by fibronectin: our 1 1 0 x l0 3M r glyco protein is immunologically distinct from D PP IV (W. Reutter, personal communi cation). Another glycoprotein cell CAM 105 has been isolated by Obrink and colleagues from rat liver (Odin et al. 1986) . It is a constituent of canalicular domains and shares some properties with our 1 1 0 x l0 3M r glycoprotein. In addition to a similar molecular weight in reducing gels the pi of both glycoproteins is about 4.
However, unlike our 1 1 0 x 1 0 3M T glycoprotein, cell CAM 105 runs anomalously in non-reducing gels giving a lower apparent molecular weight and indicating a high cystine content.
T h e functions of the various fibronectin-binding glycoproteins in hepatocytes is not clear. As described previously, there is no evidence that in adult liver the matrix supports hepatocyte organization in the way a conventional basement membrane interacts with other epithelia. Although, a role for fibronectin and a specific receptor at lateral surface domains in cell-cell contacts cannot be excluded, other roles may be considered. T h e hepatocyte is a major source of plasma fibronectin (Voss et al. 1979; Tam kun & Hynes, 1983) and intracellular transport to the sinusoidal domains might require a specific fibronectin-binding component. Intracellular trafficking in the hepatocyte is known to be highly specific, by which proteins are transported from biosynthetic sites in the endoplasmic reticulum exclusively to the sinusoidal, lateral or canalicular surfaces (Simons & Fuller, 1985) . We find fibronectin at all domains suggesting that various intracellular transport routes are utilized for its export, perhaps requiring separate receptor systems. Experiments carried out by Carlos Enrich & Carl Gahmberg (unpublished) have revealed distinct structural differences between the fibronectin components of sinusoidal, lateral and canalicular domains. T h e sinusoidal component appears similar to plasma fibronectin: it is water-soluble and contains two subunits migrating in SD S-polyacrylam ide gel electrophoresis as a clearly separated doublet. By contrast, the canalicular fibronectin migrates as a single band in S D S -polyacrylamide gel electrophoresis. Fibronectin identified by immunoblotting in lateral membranes differs in character from both sinusoidal and canalicular fibronectins (Carlos Enrich, personal communication). During S D Spolyacrylamide gel electrophoresis it runs mostly as very high molecular weight material, possibly cross-linked, and partly as a diffuse pattern of three bands (220, 190 and 180(X 103)M r). Lateral membrane fibronectin uniquely has a hydrophobic character, as shown by its distribution into the detergent phase after extraction of membranes with Triton X -114. Perhaps the 1 1 0 x l0 3M r glycoprotein identified in our studies is involved in vivo predominantly in transport of a fibronectin species to canalicular domains and other fibronectin-binding components are responsible for transport to sinusoidal or lateral domains. T h is proposal is a radical departure from a role of fibronectin-binding components in cellular adhesive interactions with the extracellular matrix and may be more likely in cells such as hepatocytes with a stable and non-motile organization not apparently requiring continuing interactions with extracellular matrix elements. However, a transient adhesive role for matrix protein-receptor interactions during early tissue formation cannot be excluded nor can additional roles in dictating cytoskeletal organization and hence cell shape. T he latter possibilities in particular may relate directly to regulatory roles of matrix components in hepatocyte metabolism.
M A T R IX IN F L U E N C E S ON P R O T EIN S Y N T H E S IS AND S E C R E T IO N
Many attempts have been made to maintain normal adult hepatocytes in a metabolically active form (Reid & Jefferson, 1984) . In general, however, cells cultured in serum-containing medium on plastic rapidly show abnormal morphologi cal changes and a marked decrease in the transcription of liver-specific mRNA sequences, but not of m RNAs for proteins common to non-liver cells. Similar findings are reported for other epithelial cells in culture and are believed to be due to several variables, including deprivation of nutrients, since simple epithelial cells (but perhaps not hepatocytes: see preceding section) attach and spread to substrata through the basal surface and are forced to feed through apical surface domains lacking critical transport proteins (Sim ons & Fuller, 1985) . Other requirements such as specific hormones or growth factors produced by minor populations of accessory cells may also not be satisfactorily supplied in simple tissue culture. A central role of cell contacts in maintenance of the normal phenotype of hepatocytes is also clear (Nakamura et al. 1983 ; Clayton et al. 1985; Fraslin et al. 1985) . Hepatocytes cultured as tissue slices where cell contacts and tissue organization are not dissociated, retain tissue-specific transcription at near normal levels without ad ditional exogenous hormones or growth factors indicating that cell-adhesive interac tions and not nutritional components are most critical in maintaining a high rate of liver-specific transcription (Clayton et al. 1985) . However, these experiments do not distinguish between a direct effect of cell contacts on gene expression or an indirect effect; for example, the induction of hormonal or growth-promoting activities upon cell contact.
Some of the success in using liver slices may be achieved by culturing isolated hepatocytes on suitable substrata. Simple substrata composed of type I collagen or more complex matrices obtained from cell cultures by detergent extraction signifi cantly alter the morphology of epithelial cells attached to them and better promote growth and maintain tissue-specific protein synthesis. For example, Enat et al. (1984) have shown that normal rat hepatocytes survive significantly better when seeded onto a substratum covered with an extracellular matrix derived from normal or regenerating liver. T h e best results were obtained using a low seeding density and a defined serum-free medium containing insulin, glucagon, E G F , growth hormone and prolactin. Typically, the cells initially decreased their differentiated functions, which they then recovered, reaching a peak after 3 -4 weeks in culture, and then maintaining steady levels thereafter. In our recent study (Sudhakaran et al. 1986 ) we used artificial matrices of glass derivatized with fibronectin, laminin or collagen type IV . T h e results show that albumin synthesis and secretion by hepatocytes isolated from adult rats was best maintained on a collagen type IV surface whereas laminin was much less compatible. Interestingly, synthesis and secretion of ar-foetoprotein, not normally expressed in adult hepatocytes, was highest on a laminin substratum and lowest on collagen type IV . These differences were very significant: on collagen type IV , albumin synthesis continued at 60 % of in vivo levels after 4 days in culture whereas on a laminin substratum the value was less than 10 % of normal activity. Further analysis is required to substantiate these findings with regard to other hepatocyte-specific functions such as hormonal induction of specific enzymes, expression of cytochrome P-450 and ability to activate chemical carcinogens. We have measured the induction of tyrosine aminotransferase by glucocorticoids and find that cells incubated for 1 -4 days on laminin, fibronectin or collagen type IV all show a 10-to 12-fold increase in enzyme activity over basal levels.
T h e regulation of synthesis of components of the extracellular matrix by cultured hepatocytes is of special interest. T h e liver has a remarkable ability to regenerate in an orderly way, with restoration of normal tissue organization. In fibrotic disease there is, by contrast, an irreversible alteration in normal liver structure and function, characterized most strikingly by a disordered assembly of an extracellular matrix enriched in collagen, that may contribute directly to the tissue pathology (Rojkind & Ponce-Noyola, 1982) . Clearly, therefore, it is important to understand the regulation of matrix synthesis in normal liver. D irect evidence for the production of fibronectin, laminin and collagen type IV by hepatocytes in culture has been obtained by pulselabelling with [3sS] methionine and immunoprecipitation of proteins from the cell layers and secretions by specific antibodies (Sudhakaran et al. 1986 ). Tw o experimental protocols were used: hepatocytes were seeded onto plastic in serumcontaining medium to induce cell attachment and spreading and after 3 h were maintained in serum-free medium for up to 5 days. Alternatively, the cells were seeded in serum-free medium on surfaces derivatized with laminin, fibronectin or collagen type IV , or mixtures of these components at concentrations mediating maximal cell attachment and spreading. In all cases a relatively low basal level of synthesis and secretion of matrix proteins was measured during the first day in culture and this increased 10-to 20-fold over the following 4 days in culture. In the case of fibronectin the analysis suggested an increase in the proportion of the cellular form of fibronectin relative to the plasma form with time in culture, both in the cell layers and in the secretions, a change that may reflect a switch from production of a fibronectin species characteristic of adult differentiated cells to one appropriate to a less-differentiated state (Sekiguchi et al. 1986; Borsi et al. 1987) , such as may exist under stress when hepatocytes are placed in culture conditions.
Although increased synthesis and secretion of collagen type IV , fibronectin and laminin were observed using hepatocytes cultured on all substrata examined, the nature of the substratum modulated the effect in a striking manner. T h e magnitude of the increased synthesis and secretion of a particular matrix component was least when cells were cultured on the homologous protein substratum, suggesting a negative feed-back mechanism on matrix synthesis. T h e effect was readily demon strated using mixed substrata. Cells were plated onto a series of substrata consisting of a fixed amount of laminin and various amounts of fibronectin, cultured for 3 days, and the rates of synthesis and secretion of fibronectin were then determined. T h e extent of fibronectin synthesis decreased proportionately with the amount of substratum-associated exogenous fibronectin. In these experiments the downregulation was observed for matrix components secreted into the culture medium and also incorporated into the cell layer in matrix form. These data show that hepatocytes can synthesize matrix components and suggest that the extracellular matrix in vivo can modulate its own production. T h is phenomenon may have physiological significance, since in conditions when liver is stimulated to regenerate, the relative proportion of liver cells to matrix and the make-up of the matrix remain constant, implying a regulation of overall matrix assembly, part of which may be due to feedback controls.
Immunofluorescent antibody staining of hepatocytes cultured in serum-free conditions as described above has shown a cell surface location for laminin and collagen type IV but no filamentous staining is observed with these antibodies or with antibodies specific for collagen types I and I I I . By contrast, immunofluorescence staining with fibronectin antibodies has revealed (Fig. 6B ,C ) an extensive filamen tous network extending directly from the cell surface between cells, on the substratum and covering the dorsal surface of adherent cells. T h e latter could often be seen under phase optics (Fig. 6A ) . T h e matrix develops rapidly and becomes very extensive 20 h after seeding on serum-coated plastic or glass coverslips derivitized with fibronectin, laminin or collagen type IV . Double antibody staining (Fig. 6C ,D ) confirms that the fibrils contain fibronectin and fibrinogen but not any collagen, and the filamentous network persists after treatment of the cultures with collagenases. In the next section we show further that the fibrils consist of fibrin-fibronectin polymerized assemblies, an in vitro system of blood coagulation. Fig. 7 shows some major enzymes and other proteins involved in the coagulation and fibrinolytic cascades. It is known that the liver is the source of most of these factors with the notable exception of plasminogen (Colman & Rubin, 1982) . Serum does contain plasminogen and the extensive filamentous assemblies do not form in hepatocytes kept on various substrata in serum-containing medium. Any matrix that forms probably dissolves rapidly by plasmin-catalysed disassembly, since hepato cytes secrete plasminogen activator (Williams et al. 1978) . We have found that addition of plasmin to hepatocyte cultures rapidly dissolves the matrix formed and when added at the beginning of culture prevents matrix formation. In addition, serine protease inhibitors present in serum may block activation of prothrombin and initiation of the coagulation cascade. T h e fibrils formed by hepatocytes in serum-free conditions on various substrata can be isolated mechanically in small amounts by picking up on a glass needle. In SD S-polyacrylam ide gel electrophoresis the predominant band detected is fibrin ¿8-chain (5 8 x 1 0 i M r) that is also labelled metabolically and is blotted by specific antibodies. Fibrin y-chains and dimers and fibronectin subunits were also detected by metabolic labelling and by immunoblotting. By contrast, fibrin a-chains were not detected, probably because these were extensively cross-linked by transglutaminase during assembly of the fibrin matrix and did not enter the resolving gel. Further evidence for the fibrin /3-chain has been obtained by comparative peptide mapping with authentic fibrinogen standard.
H epatocy te-m atrix interactions

TH E C O A G U L A T IO N AND F IB R IN O L Y T IC C A S C A D E S IN VITRO
At present we do not know the event initiating coagulation in hepatocyte cultures.
Activation of prothrombin in vivo involves factor X a, produced from factor X by the intrinsic or extrinsic pathway, either of which could be involved in our system. Whichever pathway is involved, the hepatocytes in vitro evidently elaborate a full complement of proteins necessary for its functioning. An independent pathway of prothrombin activation by thromboplastin can be excluded, since assays for thromboplastin in hepatocyte cultures have proved negative. In vivo the formation of fibrin occurs following adhesion of platelets to sub-endothelial layers of damaged vessel walls, probably by a morphological change in the platelet membrane and generation of a surface optimal for activation of prothrombin. In the hepatocyte culture system this activation is independent of platelets and may be initiated by cell interaction with a suitable substratum. In general, however, the culture system approximates the coagulation phenomenon observed in vivo rather closely. For example, we have found that matrix formation is powerfully inhibited by hirudin, an anti-coagulant protein specific for thrombin, and heparin, an enhancer of anti 
Formation of Fibrin Clot in Cultured Hepatocytes
Plasm inogen Plasmin Lysis F ig . 7. Proteins involved in final events in the assembly and lysis of a fibrin-based m atrix.
Adult rat hepatocytes cultured on a substratum in vitro are shown. Conversion of prothrom bin to throm bin presumably occurs by the action of activated factor X .
IIE P S O 4 P G , heparan sulphate proteoglycan. mediated inhibition of thrombin. Heparin fragments (supplied by U lf Lindahl, Uppsala, Sweden) containing nine or more disaccharides with high affinity for anti throm bin I I I inhibit matrix formation at ng concentrations whereas shorter fragments or fragments with low affinity for anti-thrombin I I I (Bjork & Lindahl, 1982; Lane et al. 1984 ) had significant effects only at ¡ug concentrations. Dermatan sulphate also was inhibitory, confirming the presence of heparin cofactor II in the hepatocyte cultures, since this sulphated polysaccharide has no effect on anti thrombin I II (Ofosu et al. 1984; Teien et al. 1976; M cGuire & Tollefsen, 1987) .
Presumably, the endogenous heparan sulphate proteoglycan in liver parenchyma does not possess anti-coagulant properties, in contrast to proteoglycans found in other tissues, for example rat skin (Jacobsson et al. 1986 ).
In conclusion, hepatocytes in culture are fully competent in coagulation pathways and with the addition of exogenous plasminogen in fibrinolysis also. T h is simple culture model may be useful for the study of the regulation of these pathways and the efficacy of anti-coagulant drugs. Using biopsy material the system may also have application to the identification of metabolic disorders of blood coagulation, such as disseminated intravascular coagulation (Colman et al. 1979) . B o r s i, L ., C a r n e m o l l a , B ., C a s t e l l a n i , P ., R o s e l l i n i , C ., V e c c h io , D ., A lte m a n n i, G ., C h a n g , S. E ., T a y lo r -P a p a d im it r io u , J ., P a Voss, B ., A l l a m , S ., R a u t e r b e r g , J ., U l r i c h , K ., G ie s e lm a n n , V. & v a n F i g u r a , K . 
